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ABSTRACT 


The ablation rate of contoured Micarta®' specimens immersed 
in solid propellant exhaust gases has been measured under closely controlled 
conditions, The effect cf particles in the exhaust stream was demonstrated 
by carrying out firings with propellants containing 0.5%, 8%, and 16% 
aluminum. Fitings at chamber pressures of 400 psia and 550 psia showed 
the effect of preesure on abletion rate, The ablation rate increased 


directly with chamber pressure and aluminum content of the propellant, 


Raw data tor heating rate calculations were obtained for each 


propellant from instrumented copper calorimeters and heat flux transducers. 


"Trademark for a group of laminated plastics, Westinghouse Electric 
Corporation, East Pittsburgh, Pennsylvania, 
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REDSTONE ARSENAL RESEARCH DIVISION 
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ABLATION OF EXTREME-TEMPERATURE-RESISTING 
MATERIALS IN ROCKET EXHAUSTS 


I. INTRODUCTION 


of solid propellant rocket motors has a great effect on the ablation rate 
of protective materials exposed to these gases, There are, however, 
little quantitative data available which would facilitate selection of the 
most suitable materials for blast deflectors, jet vanes, and other hot 


missile parts. 


It is known that the presence of particles in the exhaust gases 

Under the direction of the Structures and Mectanics Laboratory 
of the U. S. Army Missile Command, the erosion rates of ablative 
carefully controlled conditious, In addition temperature versus time 
measurements from inst: umented copper calorimeters were :nade at 
identical firing conditions to provide data for the calculetion of heating 
rates, This repore describes the propellant formulation work, the 


calorimeter anf specimen tests, and summarizes the data, 


Tnis is the final technical report for Contract DA-01-021 AMC- 
11660(2) under which this work was funded. 


2. YTeST PLAN 


The test plan cailed for static testing of solid propellant motors 
with calorimeters and ablative specimens immersed in the exhaust stream. 
Ablative materials and instrumented calorimeters were to be proviced by 


specimens immersed in solid pvopellant gases were determined uncer 
the Structures and Mechanics Labor atury. 


Propellants were to be formulated with at least three variations 
in aluminum content and flame temperatures greater than 4000°R 
(2222*°K). The motors were to have a nozzle exit diameter of three 
inches and mass flow rate at the nozzle exit of 0.5 lbm/in’-sec. The 
nozzle exit pressure was to be approximately equal to the ambient 


pressure, 


The temperatures indicated by ten 30 gage chromel-alumel 
thermocouples in the calorimeters were to be recorded by a 1 apid- 
response oscillograph and suitable calibration factors provided, The 
thickness of material removed froin the ablative specimens in the test, 
the motor chamber pressure, and the burning time were to be recorded 
and reported. The behavior of each specimen during firing was to be 
recorded in a high-speed color movie and before and after conditions 


documented with still photographs. 


The original test plan specified a motor firing tizne of 5 seconds 
to provide reliable heating rate data from the calorimeters and measurable 
material loss from the composite specimens during exposure to the 
exhaust gascs, inthe course of motor development and propellant 
formulation work it was found that a copper calorimeter was quickly 
melted at these firing conditions and that marginal heating rate data 


would be obtarned, 


On the basis of other exploratory firings the test plan was 
modified, Ablation tests would be carried cut with three low-flame- i 
temperature propellants with 0.5%, 8.0%, and 16.0% aluminum contents. ; 
The three propellants were to have approximately the same flame \ 
temperature at 550 psia chamber pressures, and the motors were to be 
fired at 400 and 550 psla, Further, a heat flux transducer was to be 
used in place of one of the thermocouples during the caicrimeter tests 
and during 3 of the ablationtests. The firing duration was to be about 
2 seconds for the propellants containing 8.0% and 16.0% aluminum and 


about 3 seconds for the propellant with a 0.5% aluminum content, 


3. DESCRIPTION OF ABLATIVE SPECiMENS AND CALORIMETERS 


J.1) Ablative Specimen 


The ablative specimens had a "nose cone™® appearance with a 
1.25-1nch spherical radius at the stagnation point and a 2.12-inch length 
(Fig. 1), The specimens were made from Micarta 259-2,a laminated 
giass-phenolic material, and the laminations were oriented parallel with 
the centerline of the specimen, The weight of cach test specimen was 


about 0.6 Ib, 
3... Copper Calorimeter 


The calorimeters were fabricated from electrolytic -tough - 
pitch copper and had the same size and shape as the ablative specimens 
(Fig. 2). Thirty gage chromel-alumel wire was mechanically joined to 
form a thermocouple in each 0.024-inch diameter hole by inserting the 
ends of the wire into the hole and peening the sides of the hole together. 
The thermocouples were numbered ! thru 10 and the depth of the 
thermocouple was the distsiice along the side of the plug from the leading 
edge to the centerline of the hole. The depth of each thermocouple is 


given in Table Al (Appendix A). 
3.3 Specimen Holder 


The caicrimeters and ablative spec: mens were supported in 
the exhaust stream by a 1*® diameter pipe and an adjustable fixture 
attached to the support block (Fig. 3). Four 44-inch cap screws held 
the specimens on a steel flange welded to the pipe. The thermocouple 
wires were threaded through the pipe to prot=ct them against the motor 


exhaust. 
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4. PRELIMINARY PROPELLANT DEVELOPMENT AND TESTING 


A sipnificant amount of propellant development and testing was 
carried out to achieve the originally specified firing conditions, This 
section summarizes the work and discusses the reasons that a change 


was found necessary. 


4.1 Propcelant Formulation for a Slotted-Tube Grain 

The testing conditions were found to require propellant grains 
having a minimum mass of 18 Ibm. Motor hardware and casting fixtures 
were available for a slotted-tube grain weighing about 30 lbs. A Jarge 
nurnber of these wrains had been fired and the neutral pressure trace and 
uniform mass discharge rate were ideal for the purposes of this program, 
However, there were two drawbacks: 

a, This design has a 1.5-inch web so that the propellant 
burning rate would have to be about 0.3 in/sec to achieve the 5-second 
burning time. This would require some propellant development. 

b. The effect of the five 3-inch slots on the gas flow patterns 
was unknown, It is well-known that grains having slotted or star-shaped 
ports channel the flow and oxide particles such that non-uniform erosion 
and heat transfer occur on the nozzle's converging face and in the throat. 


This would be undesirable in this test. 


Twenty 2C1.5-4' motors were fired to characterize three 
slow-burning-rate propellants for use in the slotted-tube motor. The 
firangs, which were at relatively low pressures, had a considerable 
build-up of slag in the nozzle and motor case, In another program 
geveral slotted-tube motors contsining a high-flame-temperature propellant 
with 18% aluminum were fired with the slots at the head of the motor; the 
pattern of the slots was visible in the slag deposited in the convergent 
pontion of the nozzle but not in the throat. It was decided that a high- 
flame -temperature propellant should be used in an end-burning configuration 
to minimize oxide build-up and to insure uniform gas flow, 


‘This nomenclature identifies a cylindrical port grain with a 2-inch O.D., 
1.5-inch I,D., and 4-inch length. 
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tree COR EMant Formulation forcen Bad. bur nine Charge. 
Plastisol nitrocellulose composite propellants have a high 
flarne temperature and have excellent processing characteristics over 
a wide range of aluminum content. Compositions RH-P-399, RH-P-400, 
and RH-F-40] were formulated with 16.0%, 0.5%, and 8.0% aluminum, 
respectively, The properties of these propellants are given in Table ]; 


the burning rates ai 1000 psia chamber pressure were about 0.7 in/sec. 


“Table I 
Theoretical) Thermochemical Properties of Propellants 


RH-P-399 RH-P-400 RH-P-401 


Aluminum Content, % 16 0.5 8 
Chamber Pressure, psia 1000 1000 1000 
Exhaust Pressure, psia 14.7 14.7 14.7 
Chamber Temperature, *K 3413 2922 3166 
Exhaust Temp, (frozen), °K 1700 1330 1510 
Exhaust Temp. (equil.), °K 2033 1420 1695 
Exhaust Enthalpy (frozen), ; 

Kceal/100 grams -126 -129 -128 
Exhaust Enthalpy (equil.), 

Kcal/100 grams -130 -131 -131 
Exhaust Specific Heat Ratio 1.20 1.24 1.22 


Principle Components of Exhaust, 
moles/100 grams 


co 1.230 0.621 0.968 
co, 0.124 0.733 0.386 
N, 0.353 0.418 0.386 
H, 1.076 0.497 0.725 
H,O 0.483 1.261 0,937 
HCl 0.238 = (0.366 «(0305 


Al,Q, (solid) 0.296 - 0.009 ~—0,148 


a 


The end-burning charge configuration was selected as the 
best way of obtaining a neutral pressure trace and a uniform gas flow 
pattern in a compact motor case, A 14-inch diameter grain was designed 
to take advantage of the existing 14.5-inch diameter hardware, The mass 
discharge rate of about 0.77 lbm/Iin*-sec at the nozzle exit was a little 


higher than necessary, but acceptable. 


Propellant shrinkage during the curing process can cause 


case bond failures and cracks in a solid propellant grain cast directly Sultan 


inte the motor case. To avoid this problem it was decided to cast the 
propellant into a 14-inch diameter cup molded from liner material. 
During curing the flexible cup would permit the grain to shrink without 
building up any internal stresses, The plastic cup containing the 
propellant would be slipped into the motor case and held in place during 
firing with grease or a mastic compound, The liner material would 
restrict the sides of the grain so that burning would occur on the face 
only, 


4.3 Results of Preliminary Testing 


4.3.1 Exploratory Firings with High-Flame-Temperature 


Propellants 


Whiie design and fabrication of the cup molding and grain 
casting fixtures were being done, eighteen 2C1,5-4 motors were fired 
to obtain P-K-r data for the propellant (Fig. 4), and six nozzles were 
sized and made for the 14.5-inch motor. Also, one firing was made 
with a calorimeter to check out the computer program for reducing the 
thermocouple data in digital form. Two other firings were made to 


obtain an estimate of the ablation rate of the plastic specimens. 


A copper calorimeter with four thermocouples was placed two 
inches from the nozzle exit of a 6C3-11.4 motor containing 16% aluminum 
propellant (RH-P-399). The motor operated at. 706 peia with a masa 
flow rate at the nozzle exit of 0.50 Ibm/in?-sec (Table q).- ‘The computer 
program performed satisfactorily even though the surface of of the pe ota 


calorimeter began melting. in less than 230 1 msec c (Fig. 5 
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FIG. 5 MOTOR PRESSURE AND CALORIMETER RESPONSE FOR A 

FIRiNG WITH 16% ALUMINUM PROPELLANT {ROUND 4043) 

4A Micarta specimen ablated 1.016 inches at the stagnation 
point in 2,860 seconds when placed two inches from the nozzle exit of a 
6C3-11.4 motor containing 16% aluminum propellant (Table 11), The 
mnoior was fired at 727 psia with a mass flow rate of .50 lbm/in*-sec at 
the nozzle exit. A second specimen ablated 0.136 inches in 2,748 seconds 
when placed two inches from the aozzle exit of 6C3-11,4 motor containing 
0.5% aluminum propellant (RH-P-400)(Table 11). 

The heating and ablation rates on the calorimeter and test 
specimens were much more severe than expected, and it was obvious 
that the specified test duration of 5 seconds and a chamber pressure ‘of 


700 puia were unreasonable for these propellant formulations, To 


obtain ‘he desired ablation rate and calorimeter data the test motors 


would have to be fired at less severe conditions, 
4.3.2 Formulation and Testing of Low-Flame-Temperature 
Propellants 


With the approval of personnel of the Structures and Mechanics 
Laboratury propellant formulation work and further exploratory firings 
were carried vet. The purpose was to redefine the test conditions such 
that measurable ablation rates would be obtained on the Micarta specimens 
with the low aluminum cormposition and at least 500 milliseconds of usable 
therrmocoupiy data would be obtained with the highest aluminum 


composition, 


Six firings were carried out in 6C5-11,.4 motors with RH-P-390 
ari Rit-1'-29!, relatively low-flame-temperature propellants containing 
15,0% and 0.5% aluminurn respectively, and with RH-P-401, a propellant 


containing 8.0% aluminum, 


For the tests with the high aluminum compositions a twc- 
dimensional copper specimen was made from 3-inch bar stock to 
substitute for the more expensive copper calorimeters (Fig. 6). A 
single Micarta specimen was used for three tests with low aluminum 


compositions, High-speed color movies were made of cach firing. 


A shock wave obscured the front ef the copper specimens so 
that it was not possible to determine from the movies the time at which 
the surface started to melt. However, at low pressures the overall 
ablation rates (using the action time of the motors) were 0.066 in/sec 
and 0.205 in/sec for the coo] 15% aluminum and the 8% aluminum 
compositions respectively (Table UI). In comparison the ablaticn rate 
of the copper calorimeter with a high-flame-temperature, 16% aluminum 
composition was approximately 0.56 in/sec at 700 psia, It was estimated 


that the cool 15% aluminum composition would provide at least 500 


milliseconds of usable thermocouple data, 
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The effect of pressure on the ablation rate was marked, 
Increasing the pressure from 420 to 800 psia increased the copper 
ablation rate from 0.066 to 0.357 in/sec while increasing the pressure 
from 645 to 990 psia increased the Micarta ablation rate from U.036 to 
0.070 in/sec (Fig. 7). While there were not enough data points to 
provide valid extrapolation, it was evident that a measurable ablation 
rate could be obtained at pressures as low as 4C0 psia with the low 


aluminum compositions, 
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Fia, 7 ABLATION RATES WITH LCW-FLAME-TEMPERATURE 
PROPELLANTS 


There were not enough firings to define the <ffect of aluminum 
content on the ablation rates, but the ablation rate with 8% aluminum 
propellant was about the same order of magnitude as with 16% aluminum 


propellant. 


ice 


Some build-up of slag was observed in the nozzle after the 
firings wath the cool 15% aluminum composition, The throat diameter 
before and after siag removal was 1,056 and 1,072 inches respectively 
for the 422 psia shot (Round 4394) and 0.832 and 0.844 inches for the 
4Ob psia shot (Round 4395), For the hot 16% aiuminum composition fired 
earlier there was no appreciable buildup, There was also no build-up 


during the firings with 8% aluminum propellant. 


7 


ihese exploratory firings indicated that the desired exposure 
conditions could be achisved either with high-flame-temper ature 
propellants operating in the 400-500 psia range with aluminum contents 

of 0.5%, 6.0%, and 12,0%, or with cooler propellants operating at 500 psia 
with the original 0.5%, 8.0% and 16.0% aluminum content, The latter 


approech was taken, 


5. DEVELOPMENT OF FINAL TEST PROPELLANTS AND HARDWARE 


5.1 Characteristics of Test Propellants 


The low-flame-temperature propellant RH-P-390 was modified 
by substituting 1% aluminum fer 1% ammonium perchlorate to form a 16% 
aluminum composition, RH-P-407,. Theoretical flame temperatures were 
culculated at chamber pressures of 550 psia for RH-P-407 and for several 
0.5% and 8.0% aluminum compositions with varying amounts of di-n-propyl 
adipate, which served as a coolant. From these data the 0.5% and 8.0% 
aluminum compositions, RH-P-405 and RH-P-406, were formulated and 
additional cormputer runs were made to determine the flame temperatures. 
The maximum difference for the six cases was less than one per cent of 


the total temperature (Table 1V), 


Twelve 2C1,5-4 motors were fired to obtain P-K-r data 
(Fig. 8). These propellants, before curing, have avery high viscosity 
for a plastiso! propellant, and to make the motor casting operations 
iegs ditficult unground ammonium perchlorate was used. The larger 
narticles of perchlorate and the di-n-propyl adipate made the motors 
hard to ignite. Surface roughcning and a larger igniter were necessary 


to get good ignition, 


eee 


oie 


It was not necessary t> use end-burning charges with these 
propellants, The shorter firing times permitted use of 6C5-11.4 motors 
for the 8% and 16% aluminum compositions, and6C4-11.4 motors for the 
0.5% aluminurn composition. The flow patterns from these symmetrical 


charges are uniform, 


Table [V 
Theoretical Thermochemical Properties of [eet Propellants 
RH-P-405 RH-P-406 RH-P-407 
Chamber I'reseure, peta 400 $50 400 550 400 550 
Luhauet Preesure, peis 14.7 14.7 14.7 14.7 14.7 14,7 
Chamber Termpereture, °K £966 2979 2952 2964 2958 2970 
Puhauat Temperature /fsiren}, *K 1625 1542 1632 1945 1455 1570 
Euhaust Temperature (equil *K 1793 1692 1727 16351 L747 1651 
Hehauer Enthalpy (frozen), K cal,/100 grame -118 -122 -116 -120 -114 -118 
Lahauet Enthaipy (equil), Kcal/100 grame -120 2124 -138 +122 -116 -120 
Ewnaset Specific Heat Ratio 1.22 1.23 1.22 1,23 1,22 t.22 
rinc.pie Componente of Exhauat, 
irocee/!00 grame 

co 0.55 0.53 T,li h2t 1.51 1.51 

co, 0,71 0.73 0.32 0.21 0.05 0.05 

ty 0,42 0,42 0.36 0,36 0,30 0.30 

H, 0.29 0.31 0.87 0.77 1,65 1.55 

N,U 1.38 1.36 0,84 0.93 gt 0,17 

HCI 0.49 0.40 0.34 0,32 0,27 0,27 

Al,O, (liquid) oo! 0.5: 0.15 0,15 0.39 0.30 
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FIG, 8 PRESSURE-K-BURNING RATE RELATIONSHIPS FOR TEST 
PROPELLANTS 
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& DESCRIPTION AND RESULTS OF TEST FIRINGS 


6.1 Calorimeter Tests 


Six firings were made with copper calorimeters immersed in 
the exhaust stream of 6-inch motors. The tip of the calorimeters was 
positioned two inches from the nozzle exit, There was one test at 400 
and 550 psia for cach of the three aluminum contents. During these tests 
the response of eight thermocouples in cach calorimeter was recorded 


In analog and digital form, 


Also recorded was the output of a heat flux transducer, During 
the first firing (Round 4955) the sensing face of the heat flux transducer 
was positioned perpendicular to and four inches away from the centerline 
of the «xhaust stream at a point one inch downstream from the nozzle, 
After the firing the window of the gauge was clouded (possibly by the blast 
tro: the igniter). In all other firings the transducer face was located 
five inches from the centerline of the exhaust stream and wa” shielded 
from the igniter blast by a 3 X 5-inch paper card. The card was removed 
immediately “fter ignition and this quick-fix remedy seemed to prevent 
clouding for the !cw aluminum firings, However, some pits and spots 


were observed op the window after the 16% aluminum firings. 


The chamber pressure of each firing was measured at the 
head-end of the motor case with a calibrated sirain-gage-type transducer 
and recorded on an analog trace and in digital form. In five of the six 
tests the average pressures, ae were close to the nominal values of 
400 and 55v psia (Tasle V), The burning times were about 3 veconde ‘or 
the motors with 0.5% aluminum prope:ztant, 1.5 seconds for motors wit. 
8% aluminum propellant, and 2 seconds for motors with 16% aluminum 
propellant, Calorimeter No, 1 was not damaged in the test with 0.5% 
aluminum and was subsequently reused, The others each sustained 
some degree of melting at the stagnation point, The mass flux at the 
nozzle exit (based on the action time t.) exceeded the r2quired value of 


0.5 Ikm/int-sec (Table VV)... 
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Table V : 
Firlag Conditlona for Calorimeter Teots 
Wachee Calorimeter S ‘a By P, th/ A, Expansion Te Mach, 
Content Round = Number (ewe) fecc) {(peia) (peta) (Ibm/In*-sec) Ratio Number 
0.8 4954" 1 3.443 3.943 394 389 0.59 4.31 2.68 
2.5 4957" 2 2.878 3.071 9561 545 0.67 5.50 2.82 
as 4950? 3 1.626 1,907 399 S72 0.63 4.57 2.74 
a.c aos? 7 1.525 1.666 560 538 0.66 5.77 2.89 
16.0 4959? > 2.346 2.476 38838 0.58 4.58 2.72 
140 4958” ! 2.148 2.279518 506 0.63 5.67 2.87 


* Calor. meter located two Inches from noarle of a 6C4-11.4 motor, 
Calo: ‘ineter located two inches from nozzle of a 6C5-31.4 motor, 
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Appendix A describes the thermocouple locations in detail 
and presents the temperature-time measurements intabular form. The 
thermocouple data, heat flux measurements, and motor pressure are 
also plotted as a function of time in Figs. 9 through 14. The 1 second 
delay was to allow the movie camera to get up to speed before the firing 
occurred, Comparing the data in these figures shows that the heating 
rate increased at the higher prasaures and aluminum contents. A 
composite plot of the response of the thermocouples located 0.1 inch 


from the calorimeter surface more clearly shows this effect (Fig. 15). 


The heat flux measurements also confirm this trend, although the data 


> 


were not a6 consistent (Fig. 16). 
These results were not analyzed further since the primary 

purpose of the project was to provide raw data for the Structures and 

Mechanics Laboratory. Jas , SS 
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FIG. 9 TEMPERATURE, MOTOR PRESSURE, AND HEATING RATE 
MEASUREMENTS FROM A FIRING WITH 0.5% ALUMINUM ee 
PROPELLANT (ROUND 4954) ; 
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FIG. 10 TEMPERATURE, MOTOR PRESSURE, AND HEATING RATE 


MEASUREMENTS FROM. A FIRING WITH 0.5% ALUMINUM 
PROPELLANT (ROUND 4957) 
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MEASUREMENTS FROM A FIRING WITH 8% ALUMINUM 
PROPELLANT (ROUND 4955) 
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FIG. 12 TEMPERATURE, MOTOR PRESSURE, AND HEATING RATE 
MEASUREMENTS FROM A FIRING WITH 8% ALUMINUM 
PROPELLANT (ROUND 4956) 
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FIG, 13 TEMPERATURE, MOTGR PRESSURE, AND HEATING RATE 
MEASUREMENTS FROM A FIRING WITH 16% ALUMINUM 
PROPELLANT (ROUND 4958) 
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FIG. 14 TEMPERATURE, MOTOR PRESSURE, AND HEATING RATE 


MEASUREMENTS FROM A FIRING WITH 16% ALUMINUM 
PROPELLANT (ROUND 4959) 
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FIG, 16 RADIATION HEAT FLUX WITH CALORIMETERS IMMERSED IN 
THE EXHAUST STREAM 


6.2. Tests on Ablative Specimens 


Thirteen firings were carried out with ablative specimens 
immersed inthe exhaust gases of 6-inch motors. The stagnation point 
of the specimen was positioned two inches from the nozzle exit, There 
were firings at 400 and 559 psia chamber preseures for each of the three 


aluminum contents, 


Heat flux measurements were made during four of these 
ablative firings (Rounds 4969, 4960, 497i, and 4984) with a more 
sensitive transducer, Its position was the same with respect to the 
nozzle and specimen as described in Sectior. 6.1. The heating rates 
were higher with an ablative specimen in the exhaust stream than with 


a calorimeter inthe exhausts (Fig. 17). 
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T1G. 17 RADIATION HEAT FLUX WITH ABLATIVE SPECIMENS 
IMMERSED IN THE EXHAUST STREAM 


The motor chaniber pressure was measured at the head-end 
of the case with a calibrated transducer and recorded on an analog trace 
and in digital form. There were duplicate firings at cach condition for 
the 9.5% and 16% aluminum compositions, In general the average pressures, 


Ps were close to the nominai values of 400 and 550 psia (Taole VI). 


Thrust measurements were made during nine of the firings. | 
The ratio of measured to calculated specific impulse at test conditions, . 
was lower than expected for the composition containing 16% aluminum 
(Table V1). This correlates with the greater amount of siag build-up in 


the nozzles of rounds containing that propellant, 


The mass flux at the nozzle exit (based on ty) exceeded the 


required value of 0.5 lbm/in‘’-sec in cach case. 


Sh AS i a ee ire ae 


-29- 


tee 
{gee [aetmcene set Dearates typ atures Nporsanme Trete” 


Oe oe, ie r ,, ae H\eeeraiset oman #1, tyeenmee 7, Aponmmete Yangih Cpoakete Len—es Chet Leyes = Siete 
4 vetomens : . . _ & bon Bats oes Bidens Facey Aftee Pieveg Orteee Fheveg aoe Oring Teevenes» = heen 
190 me Seqe? 3s 
; deme et sane Lett ret gamete: Fe Sona en ann) OO 1 SO 0 RO tO — Co) 
oa owe + em 3ie ws pee ane an Per +h 2079 ane toe toe Ox ane 
ae awe set ai re Cd on an tae 160.8 ae rey tae aa L ral ae 
“4 ome oot nama rd war kw i m8 aes ae 1a2 aaw Give weet 
ae ow 1 any wate a aw ." fey mre Trey baw ot am were’ e 
ae wat ote 1A ae rd au am in ore wae Peril ma ty ent ase ow 
” omy tant te aw am om re) ae fey. ties aon oo" . 
ek var ar oe tay ae “~ ear oe ate ate? fa eae rar aon tse ave q 
at oo i ate +, et LS) are aur a Pea) ree ate teas ome mate we een ‘ 4 
ao _ ee aw nm et Aha aoe ate ae aay ae +e oo em mw igh 
ke ane i Io we xe ott at ate aati? ante hae tar ow ons are Ag 
tae ome vite Pay ee to ow + sat ats athe abet me an ete LRA is 
‘Ga wwe, ate har ata et wae te cm ones Pray ane 18 ome nine » € 
we eee aay east vet nee va om Lo ime aa aay 1,000 ewe ant . BY 
En 
Adres Meena bee Kewhne fe wens ee i 
thee Lad ( 
ee Brie s Snob Os Mat opaninne Bae OTgtey A nanity emt of an angle ete fin suhinet sreons, & 
i 
hol 
oy 
3 
o 
q 
3 


Measurable changes in specimen weight and length occurred 


gy Te RR EY te ei 


during each firing (Table VI, Fig. 18). The ablation rates, which were 
calculated at the stagnation point using the action time tw were a direct 
function of pressure and aluminum content of the propellant. The values 

ranged from 0.057 in/sec at 400 psia and 0.5% aluminum content to Yea 
0.378 in/sec zt 550 psia and 16% aluminum content (Table VI), 


The 1500 frame/second movies taken of each ablative specimen 
during the firing were spectacular, The specimen, was clearly visible 
through the exhaust gases of the 0.5% and 8% compositions, Droplets of 
melted glass could be seen flowing back over the surface and the change 
in shape and length was obvious. The original films were transmitted 


to the Structures and Mechanics Laboratory for analysis but a good 


print is available on loan from the author. 
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CHANGE IN ABLATIVE SPECIMEN SHAPE DURING A 
£.37-SECOND FIRING WITH A 16% ALUMINUM PROPELLANT 
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FIG, 


7. SUMMARY 


A test program for determining the effect of solid particles on 
heating and crosion rate of ablative-type protective materials has been 
successfully carried out. Extensive formulation work was necessary to 
develop propellants which would provide suitable test conditions on both 
copper calorimeters and ablative specimens, Testing was carried out 
at nominal chamber pressures of 400 and 550 psia and with propellants 


having aluminum contents of 0.5%, 8%, and 16%. The flame temperatures 


of these propellants were within 1% of 2965°K. 


Raw data for calculating heating rates on the specimens were 
obtained from copper calorimeters instrumented with thermocoupies. 
The temperature readings were recorded in digital form and printed out 
in convenient tabular form, Ablation rates were obtained on 13 specimens 


and reproducibility of data on identical firings was excellent, 


Close-up color movies taken at 1500 frames/second showed 


the details of specimen melting and ablation. 
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APPENDIX A 


SCRIPTION OF COPPER CALORIMETERS, DATA 


Se aememntanmmntendammenennmtamnenaeat, 


ACQUISITION SET-UP, AND DATA PRINT-OUT 
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The ten 30-gage chromel-alumel thermocouples were located 
at different depths from the calorimeter surface in a %-inch diameter 
copper plug, The distance from the leading edge along the side of the 
%f-inch plug to the centerline of the 0.024-inch diameter hole is given in 


Table A-I, 


The reference junction of the thermocouples was maintained 
at 150°F+£1°, The response of the thermocouples was recorded on paper 
by a rapid-response oscillograph; the signal was also fed into a TRW 
230 computer in digital form. The computer determined the temperature 
from a third degree polynomial equation representing the temperature 
vs millivolt relationship for chromel-alumel thermocouples and printed 
‘ovi the results in degrees Fahrenheit. Above 200°F the maximum 
difference between the polynomial and the temperature-millivolt plot 


was 1,7°F, 


The computer print-out of the thermocouple readings for each 
firing is given in Tables A-II through A-VIL The computer received 
data from ten multiplexer channels during these tests, and a channel 
was sampled every millisecond beginning with the Number | Multiplexer 
channel and taking each channel in order. Zero time was the beginning 
of the firing sequence, The time at which the Number 1 multiplexer 
channel was sampled is given in the first column of the print-out sheet, 
The multiplexer channel number is listed in the heading of each print-out. 
The numbers go from 1 thru 6, skip 7 and 8, and then pick-up at 9 and 
10 on the print-~out; the times at which the readings shown in the first 
line were vecorded are 735.1,. 736. l, 737.1, 738.1, 739.1, 740.1, 143. 1, 


and 744.1 msec. 


Ignition of the motors occurred at ti times varying from 1018: 
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Table AI 
Distance from Leading Edge to Centerlins of Thermocouple Holes (in) 
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1943.) 730.707 “90.929 "49.045 652.489 42.120 403.08) 490,74) 400.934 
pw i TST YIY Yea pee "$0. 038 oe veo a13, 756 426,842 $00,246 403. 621 
4693 734.349 760,997 "$2,231. 609.399 oa ds 429992 303.320 490.988 
1679 ver Tit Parr 25) 224 es3.221 623 452 a32 O54 $06,907 496, 692 


4995, 65,93 _ 27? peg 7eg, 005 616,194 eget 449 435,55? 309, 699° 4 v4 
cl) TET VEL eee 555 619, O70 030.145 418,148 513.366 bast 
Hyp ete TED.e28 884 623.492 Oe 42a 10.078 4 hesa 
ida Te. 426 799 Ses 71.943 077.560 056.963 a4a.513 520.090 422.272 
2675 1 779.98 ree 3 275.349 £30,584 040,025 447.470 523.448 425.035 
Ws ey Ey YTV bs YY6 766 433.906 843. b66 450.109 526.450 427.987 


gees 4. 707-358 O04. 500_ 70. 202__ Ades Pea 047082. SLs _gav.0ay 431.273 


We 657 083 Ta5 ade 040.382 791.293 865 532.997 433.960 

2949.1 794.964 910.7He@ ye? 360 043,647 854.929 ait 434 336.006 436.750 
Pi bs tat oo Fay bi4a.eas ae 394 ea sic 65.446 461.534 539.459 439.746 
yeer-d reeates $ith? 920 $99,773 661,693 464,220 342,667 442,793 
; - 454 a 459 054.093 665.434 467,421 $43.906 445.784 


Pe 909.312 o27 034 662.743 057.941 (668.967 470.466 549.308 446.079 
Mo Uy Ie HT 46t. 554 oy, O58 ieee 54.842 «sy 407 
2125.1 919.421 633.190 806.45; 663.706 675.280 476,397 388.495 4 

Nhysy VF B24 636.516 Ws ane 67.115 670.957 476,766 558.379 457.092 


43 476 36 oe ae te oe 8 670,7 662.236 48; 757 $6 469.233 
s+ se in — SETH — SR ge Sa TT Ok at 800 BS 


2195.1 639.279 647. Bes es 677.076 684.660 400.055 507.645 406.391 
TUT WHT ’ oa Ly “950.035 652 Yee UGG GY SL ie Te. Om 
650 


yt ae yy 34.926 38. aes 4 6? 492,025 374 71 eer 
ETT T5768 43 i ‘ 495,054 577.406 474.772 
2293.1 643, 904 940 293 636,364 669, 681 702,663 420,584 380.440 477.290 
YF VATE GE Saye I ri’ ae fi OS Usy at a, > 
2223.1 650.716 667.343 643,469) 696.302 709, 400 563,929 $86,250 405.938 
Bits eS WII WL a (it Phe et ee ee Oe ‘ 
2045.1 657.509 $74 164 850 002 702.713 715 963 $09 004 392.257 460.447 
YITT Vy. sss Wy CRs I TET OTST a m 
2265.1°* 603,766 665.925 856,443 769,158 722,449 $14,047 596,463 464,074 
Ws tray” Wey “Ube Oy VT VST Vas vy ; ° 
2065.1 670.137 667,465 863.103 745.742 796.930 516, 640 604,014 500.37 
; ff Ry MTS Cyt Be | fe. ? 
2093.1 679.621 604.053 669. 960 721.625 735.606 523.116 610.506 503.768 
WW HV Wee CNT eve Ce: ° my veer i | TTT FT 
6325.1 603.154 000.666 076.435 727,960 741.837 530.396 616.146 510.4:3 
eh) oe thre) pa hee |) me ba by Sb ey 5 SS ee ces 
2345.1 469. 403 906.579 603.007 734.009 740.062 533.450 600.337 530.536 


0365.1 695.316 = 616.860 = 906.975 740.351 «754.263 = 546.689 «= 28ers «= 520.002 
WSS a re rs er sant 0s 0308 os secs 
0365.1 601,345 919.548 405.554 746.546 780.452 548.0465 «633.099 «587.02 

. . . T.VTT T4¥. 70a 74 rT . . . ant 
0405.1 907.670 = 600.001 «991.962 758.539 = 796.766 «= 552.407 «639.375 533.088 
LOS 9 is eee? 53709 bazczy?- Sas-we7 
2463.1 914,443 936.109 906.656 796.004 272.436 556.076 6435 .646 546.389 
BE ee ie es a eed i 


. : A ; f : Fv : 


6049.1 v0.46? $346.536 915.400 764,666 776.4606 992,874 651.118 564.143 
St) > On 7 0b 2 SO C1 Oo A) Ss a Det ht, See Me te sO | DY : 
2465.1 606.409 645.156 061.405 779,563 264,657 $67,126 656,564 $46,287 
VOT WY VIA ry Ts sewers a5¥. 198 “993.035 
so 93?. 7 ese 456 a 7a) 776,180 796, 266 571,460 197 394,389 
at tyes ny | Ame. Ob) MS 9 1 es - “Ussiae 


REG ea BH } 434,069 eae wea yeah $a ea 
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rh) SU 2) Oe > { Slee 1200 00 GRE TP eb 2 ee Ts or $08,365 S93.673 676,405 587,046 
2243.2 921.73) V7A.d42 945,948 799.94? 399%. 444 386.247 79.20? 370.792 
7999 ose 908 974 626 946.702 797.905 812.325 508.581 681,667 373.330 
P22.022 970.008 PSM. 98. 97F tad. 24e 9k g4? baa 5O7 576,378 
29's 1 6: 093 Pel. ais v54. 069 009.500 818,263 $93.438 667,217 $76.597 
293... Sed.ode  f0e.7274 250.824 A0¢.¢22 S23.015 395.874 2&8 43_. 
25934 ver 208 387.927 963.955 609.244 ozs. ore 596.263 693.013 503.426 
aea3.. Yia.ace oF0.032 998.981 612.909 mae, 0s2 e)0,5¢8 676.935 566.721 
yt 72.930 993,497 a3 az3 615.432 79.995 $02.030 £96,056 04.448 
2023.1 fa.aay 992.40) ¥10.782 @LO.as¢ 2a. 440 603.726 792.492. 294.979. 
7059 4 ora ayy 1068. 664 963 Aga 621.024 035.307 07.405 704,14? 594.473 
Pit} is MOi.04d 12004.804 900.007 €23.794 038.400 609.279 706.907 997,983 
7699.4 oat 104 1060, 926 wOi.i4s 626.866 #4, 099 Oi .708 799,785 599.364 
ralbeee Per ad Asse. oe 922.923 M29.902. 044.387 Oih.044 232.528 602.015. 
mS 2 O82 = 1013.734 1.562.893 O52. 646 ea) 455 614,27? 715.374 604, 496 
2003.2 OPL.79R 1010.84o 1607 1hy | ib. an. B9e.a76 10.294 710,402 9 607.276 
2095 4 oon Ory 1020.669 1011.968 656.726 a3).7o? ez7i.205 720.953 600.604 
FEE) OO ee Cl) eS eee Ue DS eee TC Oes Om COOL) SO Shee! Ree) OO Ct es Gtk) Se SE 
q7VS.4 - 2003.524 1027.063 © 10279.047 944,654 a5". 742 e73.499 726.602 619.610, 
2729.4. A806,903 2dsa.342 1024,385 a? 669 _o2 7 
2739.4 «= 1009.620 8 «=91034.745 «= 1028.627 650.836 666.110 630.563 732.439 626.263 
745.4  -386)3, 900 fOde, . 2032.6072 654,048 669,536 633,344 735,449 
Sy55° 1 i016.292 “1044 rt 1038.004 687.300 672.009 639.626 738.302. 625.161 
2263.2 2049.012 2949.449  1039.303. BOG,519 976,105 638.304 741,,567 628,340 — 
2775 4 10227.4666 1046,94? 1042.999 ee3.124 679.190 646.753 744,363 630.711 
2763.4 1923-662 3092,.299 1946.101 866,430 ==» BZ.478 43,097 746,997 oN 284 
2795.4 1926.795 1055.953 1050.040 860.343 885.605 646.192 750.219 636.410 
7999.2  4932.914 1939,252 1.933.200 972,693 686,444 648.334 ees oe reer ae 
2015.1 1634.043 1661.902 5 f56.146 675,853 091.724 650,739 36.133 641.651 
ZOTP.2 2030.038 1909. 402 1599.543 878.536 694.685 ; 798,766 644,27 
2035.1 “104).045° “yee8.3522 1 007.3500 061.822 697.045 659.668 61.647 646.840 
7443.) 9944.97? 407p,074 = 4069.045 = 885,323 704. 206 658,647 764,826 649.408 — 
2655.1 1047.20 “1075. 020 4 1068.750 aa7.asy 903. i53 niet TAR 763.93)  65a.a%7 
2965.1  1090.176 677.830 071.855 493.356 we 770,488 25.99 
FHT f TEST T55 tar: Ts bys iy ts Z is ; i ash ot 
oes.3 aS 328 94,49 ee 609 897.197 = 3. 8 35 

a et SE ee “500.104 eR TL 671, 430 Steer 
aeha 10 £994,547. 902,322 910,287 73,048 % 33 $65,256 
2013.1 at seth 1859. ses ome ene O06.i1 22.879 676.022 Mh) 120 sent 
2923.1 pees. 626) =:1104.953  1090.105 909.216 926.278 679,993 787,20? 070.083 
5 i b3073.078 a2 49ve.3ay 915.321 983,288 4 

4 134 568 918.3274 936.8 
iagil aa 1122. 298 1102.374 921,428 940.762 

isd Crt! ets S 105.971 aa, z 
7495.4 18s 296 «= 1330.032 1100.577 927.872 947.575 sat “295 403. 736 667. one 
WHT U5i «282 ae 4. aS 


at 1 te 


VW WIA Tiny Via  ~—CS. 
_3O3?. o79 $6 4. si? 934.6 954,87 
BiH KER EE 1118. oy 736, 3h a i = 


ry # $i 


TER ae 


Agape $174,472 944.99 992.093 708.8 ei7.4 37 
tt “Testa eI 235 704 402 aes teste 


3oas 4420.413 1138. ae “1128.271 48.430 908.93 709,827 423. Ww 
The Vy. ede SV. ISY isi eee ST WEE T1z.53 
3603.1 1231 ve 103.255  1134.573 885. $03 975.763 714,048 629. ah eh 

: are 8.732 43 3.5 2.37 ? 43, = d 2337 

40.8 96 6 v8 4 20.42 a2 
Pee ver rae 41 ERE 63114403 67.5 ‘ 45 

;: “5; 169. 669_ 76,94 1446. oa 286 980.128 725.83 a4 ry, 
te meet shes eae a eta ay + : TT a3 Le a1 
3129.1 :1197.628 0 3207.809 6 1152.695 978.655 906,380 730.4396 948.638 
WT Ts wy : i ss 
3143.1 1504.223 1198.259 = 1199.905 = 983.574 3804.833 739.009 055.160 790. ee 
NIL = Twy. ti) (eit Meee Ge Leet Ag 903.374 3606.63) 735,008 093.469 IW I5e 
$109.1 1170,.075  1206.703  1198.592 592,099 913,939 749,263 7? 739,23 
wey 1 TOs aT SUtmtta 5 3 J 


F IOs TNT % 
FiOS.) 3177. 726 432949,39, 1478853 000.10 2028. 908 as oon ee 98 az. eze 


68. LT TEN Ta ey as _tnrany Pet EST} BTL «.3¥E IT 9S 
1299.1 1195.102 1024.47@ 1199.935 1007.204 1038.474 751,200 076,001 747,599 
Oris me rw 6 VIVE LTS AL assy TS aye 
WZ3S.100-1093.420 = 13392.272 1202.163) §=1004.131 «1034.41? 797.106 090.966 IS2.279 
>>, Ih DG ban be peat >) Ma) baa tl md hae hy mee ht Oe fs ft bee) Oe ee eo 
3363.4 L707. 753 = 4042,029 = 1212.372 1031.708 81042. 307 732,559 007.716 758.063 
+o: pee 24 mummee fi oa ee eh et es ee ee) ee | Se 5 VET TS5 ~ 
3265.1 1211.292 1050. 022 et 743) -1039.060 1050.440 760,260 094.265 = 765.095 
ths OSD Ot) i Ds Oe bs ke LG bet CE oe) Se bd Be SE | ri] Ls espa h! 3 


1095.2 1310.660 1256.001 1229.605 1837.769  3050.007 773.909 901.057 74,024 
Ww on, a Oly iti) meh et) oUt 


a8. 4g tea 3e3__1049,099 4098.09, 770.009 vee ege 77g gen 
is FF 1045.19 1969, 394 703,453 911.652 ae ose 

3325.1 i731, 912 a79 tah se 244, ere 052.075 O73, 63? 769,548 919,49 ae 

EES RCS C2) RO CL ra 


3365.1 1240.774 = 1003.578 1253.799 1099.700 1000. 944 794.739 hae 700.047 
FIT LEY. AT SAS STI Ue aa 1.783" 
3345.1 1247.140 121.045 1250.613  1000,403 1009. 399 297,320 920.101 704,706 
Syst reser Tavera ¢ : ; WT ° 

3365.1 1253.35 1098.000 = 1205.282 = 18073.933 1095. 316 003,015 934.700 000.931 
FIV VISTA AI ea ae a ie 


3409.1 1250.4638  1304.472 4271.320 4600.143 1101.902 000.990 0ar.022 086.796 
TRY rane oe a isa 


; ; F wary 
433. 43-8 : 77,34 06.333 90.709 919.205 947.306 032.757 
sas4 ° iif. ; 1067.31 1111. 17.771 850. T 5.4 
$465.1 1272.923 1310.078 1202.0276 1090.390 1114.444 070.060 933.459 010.518 
wT Ty CU Tita 


3445.1 1277.098 1320.120 1300.661 1090-034 121.131 820.239 959.058 024.330 
Jee OTeee I TS aWS CLEVESSy CTLSE“Usy CIYgeSee OBIS We CWerSSOr aye STO 
3465.1 1.203.170 1220532 1304.040 1306.423 1137,220 001.947 905.394 829.035 


9? : 4? ] 
974,045 030.317 


042.943 976,942 640,348 
045,100 (979.742 (043. 930 


3345.5 563.501 1345.40 33 2. 443 ‘509 iss: $33 ose. an LS $4¢ 104 
JTL Tw. vix {yews its: wh i: HS 114 4 rT) 
70 


3969.1 1306.505 1353.024 6.395 1337. 150. 002 oa. 606 900.305 05, .801 
WHT VII : 1 1 

39065. 313.09 050.430 323.695 30.323 56.037 
st sea ; tr REAL ° ASS ai 113%. 
3005.1 = 1317.770 = 3002.57 1309.7 1239,900 1161, 719 
YITT Ys vzy_ Tyss. Try it .oee ti 


. 1081, : 
3433.1 1303. oy 1369.910 1355. 9” 1143.376 1167. 516 069.418 1004.534 oa? 288 
3045.1 1330. He 1074. 93e 2341. ‘25, 11560 .144 1173.535 074,437 1009 .003 673.304 
TOIT LI esy LST WS SAE TS ss Ca . ° ° 
3665.1 £333,993 1301.002 1347,.004 1195.19 1176.975 076.041 1915 .498 077.600 


3929.1 1294.440 1.339.439 


ry 
030.627 993.337 ase. 780 


3693.1 1339.3968 1000.429 1352.099 1160.709 1104.500 004.506 §=1629.075 000.042 
VEIT TIT SVT SVE TS SSS ve TET S8y TLE 7e VET. eT LUIY. 279 UUs. 259 
3795.4 1345.194 1392.959 14390.065 1106.521 1190.360 009.008 1006.104 007.761 
3739.1  =1350.790 §=1298.094 1364,306 11371.987 4195..00 O9S.106 §=61021.177 090.005 
VISTI WY LL a ey, : THVT . . . 
3745.1 =1356.342  3484,417  1360.900 1176,.9130 = §=1201.303 000.000 §=1906. 406 090.076 
TTS Lay as . YOU Le TUITE as . 
2705.1 1361.444 1409.753 1379.603 1102.900 1207.115 004.997) =4441.001 oee.118 
TWIT TLS TVS AT er LITT ay AILSS ITT ~~ IZUP UY VOT. . ° 
3705.3 =4267.749 =1419.141  3301.100 1100.007 12710,400 9iu.904 247.200 900.027 
hs i Ou Obs rs) mee Ook: | me el Sl, a) es) ae 38 re 1 vires . . 
3005.1 1373.906 1460.007 1606.242 1160.679 i017.074 914. ni 2002.200 930.097 


- 79.8 as. 30). pees. 07) To aa 3037. 340 910.180 10.130 
WT) eS ee 


90.904 
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2048.) 4309.927 4090009 1397.19) appe yee azze.7e2 eae ae ae 


(3.95 et £0be | Ee bs me DS.) bbs ee) De oe ee Ce ee | §76.053 8=61049.480 023.545 

1845. 2109.79) 1027.019 44681.965 1299.56 1233. ¥09 929.195) 1097.471 929.089 — 

mf) oi} Mir) Mme ian YS Mey TO >see Te Os eS Cary a Os 4? «1675.49 53T. 552 
3903. Bo 4293749 0443 84d Leg) 887 AZ59,699 259.231 934,335 1G 72,914 933,947 

TSS 1 13Gb AS eee OL? ere.5ar | 6217. 700) 1242.7 96 936.613 10759.592 935.568 

AZO3.2  1408.00F L4da.aee = 1425.421 1220.083 = 1245.043 PiP.a4. auii.a 

1919.30 1403.422 0 2496.722 0 ete G12) 1227.595 248,072 941.719 1080.3993 940.503 

iter ASHGMEE  2497.279 Lead. 72Os 1224.69 a0 879 943.944 = 1h62, 007 942.0732 
9918.1 1418.44, 1459 729 44271 945 L227. 974 2253.256¢ 946.252 10865 .442 943.438 

AQMD.2 . A4LR.O9M. 146Z2.950 1424.288 «= 1250.62@  1290.198 947.093 1068. 409 

3959.1 1433.709 1494.738 1424.532 23s. be6 1254.621 O31 .271 1090.713 958.27 

P33 + Fy Gu OP Cee) Ol | PRP OM Os Sav ed ee eT ee eed Sen YS 933.402 1993.214 9 

1675.1 1417.938 1469.59 £431.922 12738.900 1203.688 959.320 1095.7646 $99.394 

AZQQL A428. 44d — 472.299 1494 61d 124 bD zee See O35.89. 1078, 08 

3995.3 34273.456 474.73) 1437.909 1243, 430 1298. 964 960.873 Ree 422 908.335 

4003.2 1423, ue A427.476  1440.980 Adsd.a2e AZ7A.332  963.099— = 

4015.1 2690.2279  1442.709 81247 889) = L2%8.3242 965.924 ae avy" 999.119 

$823.1. 28 i" A902,997 145.992 0 290.798 4226.006 4 

4095.1 1433.105 14864,9¢5 1498 096 8 8=61292.952 1778.918 970.922 1110. 625 099.952 

4945.40 4433.5 : 1497, 756 4996,606 «64259. 363  1702,046 973,096 UR, 926 


oesS-1 ada 1490.261 1433145) 1297,921 9 1786.05 975.587 4118. a 974, 466 
4643.3 Leaacans 1492.224 2429.94 1200.408 $206,599 977.643 1237, 828 
4075.4 1442. 933 1495.4, 1497 4% 1292.946 1269 .292 980.217 1129.63? v79, 306 


apes 4 2445.2260 498.703 48. 299 4203.402 1292. 782 962.294 4122,3538 982.890 
409s... 1440.198 2561.97) 1463.748 1247. 705 1294.26) 984.915 1125.088 983,950 


me) PO CY TPL Eee LCA! Mec! bee kt ee od Weel Sd Soe ees | Peek ee Oe ean Ss) 
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4135.1 1496.472 0 1933.655 1476.360 i27??,.68P 8 4504.755 994.112 1134.651 093.899 
AAG3 LA 2468943)  4929,9099 1479, 509 2200,000 2507,409 987, O7F La a 

4155.20 1493.906 L517. 726@ 1482.92. 8 12867,0802 ©=— 1509. 702 999.353 1139.555 098.098 
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¢ 


ee ASL 1333 2422. 2909, 28F 429.272 1927,049 1000.92, 1206.57) 009.4 
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4 4 } 


78.319 Q $oo_rage ieee ry) 12? 
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<fte+ 14689 1830 1241507. 182° <* 02.449 1330.618 1018.308 1158.033 1017.20 
4945.4 1487.084 aaa i404 a94 ee See 1332 .317 1021.030 01.339 1039 
ITT Ty iy Vit Let sy : 


i xt tisiin 1540. 3) ars ERE a 13 : a i ave a ; a8 cate e1 
wt thts 4s aap ts ae Hee ee eae ae 
4325. 4 8 eu $ee Age ss. 2 + ~ Re + ge ae rates AR atearr ain LR 
Ree ete Bere ie Le SSOCLd BeOS yeeeceee uteseee anahiaie 
tere ha + AEE AR ate eee tarsi a AE as tis ire TESeTT 4 Fi} 
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SSeL UREA BIN RSE BUSI DIM GRE Ey 
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4305.1 1940.728 1004. 939 1590.782 1390.877 396.865 388g.897 — 3823.078 4877.083 


STs T° LIFT. 387 ~ yeue \ ve ts7q 78 L3é9_ 77% yA B43 GST. 916 i223.995 1080. 606 
4425.1 1997 .138 1415 990 gare 245 LIS: - 33% ids a 7 ua? 486 3228.092 ,082.626 
HTT LTSL CER Gey yy 2859 084 $373 383 yads 2 98 2089 Shy 1276.45, =, Bd. 948 
sag 1 1965.555 1429 583 1985 f25 ,37e 453 es se o2.39%7 17509,.099 1007.007 
THCY TSOT TL OF OER RTF OC TEA Tas C379 O77 TAT FSF 0492 | CLIT a eT 
4945 1 £908 715 © 1416 261 $364 479 =436; 663 a4 a? 1276. 722 1235.479 1091,485 
agyys {567 §OS = 4615.18" 1582 3975 rye 28 ery. ged O90, 754 SSK SFL LOU 
4599 2 4 569.007 bois. S62 S374 238 L384 064 ‘ey eee pao, 962 1239,.9592) 000.933 
4Ob8 1 SbF ead 1008 abo she 12) 5387 BO? pape 45S S4oe oee «61242. 312 ~~ 1098. 080 
a¢aSs i 1957. o1@ 1999 812 1549 421 3a aa ara Als {Lae “n2 4244 377 tise ya? 
CCF. TF LITT. OPT SHS. 73 TSOE S77 OT SEEI TS ase Ty PTee ory Se ve 
4423.4 $940.214 1568 140 3900 277 +349 955 yaya us tind. 74? qe4?. 67 04,429 
469 § GSAT AG TBP Sia 1553 633 1386. Oy) rerd.37; 112.624 Aya 1406.899 
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tas oissa tay tsvagee fab ase fyarcaes bat ay 2245 Tee ber cdes Abita 
4043 1 1920.738 1963 aa3 1339 296 1364. $07 140 6? 4116 ¢99 1292.249 1232-254 
TTT L588. SEG LUST ay RSL. FH2 | NEE Syed P42 i:20.575 «631253. 888 aay. 
4009.1 15916.943 1990 440 4524 79) Lied 48s 1404 007 L121. Tot 1233.229 1113.108 
WITT THT ay say 7 ATs7 708) rYUr Oey abi 445 1123. 638 OSS EIF TT aa 
2703 1964,903 3336.258 aay} O72 ase 1599.538 1324.676  12293.229 7, 
my oi eeed ee] Ly ea ord ee Pee ft 139.437 5425.063 «6 1252.933 1116. 940 
4? 495.938 523,996 497,066 3374, 987 332,335 26,709 252.340 0.704 
ed Hats AS GGG His ined Ba tas Ha- 
4743.4 21463.135 1997.04 14609 328 1359 918 15865 645 1128.379 1251.498 s424.310 
OTST LY LET. OLSTTTTL7 | L47F TES LSA TET CT3ae Foe OTL 26 Te TST 
4765.3 147,327 14946,4396  1473.495  1353,960 34378,263 1129,565 1249,343 1122,245 
4775. YASS. U3 TARR LST Pea ba TYEE VAP OL37EL BIY CTL IO at? aaa AGL 
4769.1 1460.235 = 1461.633  1461.645 1397 797 13570.888 1130.405 1247.130 1122.76? 
ps) OGL. Oe ft ne 4 08 ST ee hd | eS 6 Oe he Pee) cn Ciel) 1) ee To 
4063.1 1449.99?) 1469.998 1450 846 1341. 764 1363,.565 1130.750 1244,672 1123.033 
THT Yea. y7y | as3. Uwe | Teas 8ST LSS EDS (YsUT7s TLV Tes Ve ; 
4025.1 1439.148 1490.0276 1440,895 1345 704 4356.467 1431.199 2242.673 1122.030 
: VER T4SS. 2200 AS UA LER 74 N82 OT OLIN eA Tea ea” Cs 
4045.1 1429.234 1446 916 861430 625) «:1339.958 1349.49 1930.948 12386.978 1122.598 
L} oor) | LS i) ee eek Se ht oe OO bees PLE) Melt Yk) Ee Pee T) 
4609.1 1419.206 1435,966 1420.698 1333.285 «1.542.304 1130,298 1233.33. 1122.046 
". ‘ YSIS VEY NT? Ty ae TINE Lee "EP TIT ae tii ass 
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WS FLATT TH Ls. BS1 | 14g8. 8458 85248.083) 1337 bb? LIT A 
4005.4 2400,323 1415.740 3402 015 8 =1320.694 1528.619 1126,379 4220,303 11136,063 
WIT  LSVS CW Ler ery | oL3N7.4BS OUST ere | {325.040 | ELIT. VSN Tees: ° 
4025.4 150; os 1409.733 1392. 99? s314,¢24 1321.76 1127.969 1224.323 1118,.208 
Ts Tt TUG TIT yeu. 777 yyee Sao {311 .5e9 2) 8 ee > 2 a 8 ot oe wane e346 
ages 2482. 0\8 1399 .693 1384.203 13G8.635 1529.99% 1126.137 1220. 708 1218.97% 
ww53 1 TWN KTV se TTI SIT (303.878 DMA Wess” NI ; 
4909.2 372.804 4 386.754 9 9375.285 4358g.34? = soe. 233 Ais. 073 240.5 5.40 
4975.5 £368. 498 198, Fae S76. 7S 298.582 SOIT Oey eis. wis 
aees 4 1365. 740 1377.119 1366. 760 1296. 40/7 150).40% 1405.27 1212.86 1133.077 
ee S228) eee Os Oe rd ee 4) Oe eee 6 hs . ° 
sees.y 1359.04? 3368 164 1338. 269 1290.56? 1294. 768 1121 .$64 1208,508 1111.6066 
Wit t TI wT 1383 3vT T5409 VZBT yBs bis) ae) > Se © a ° . 
$023 3 yd4e O46 439% 336 2399.179 $264 232 1200.455 1115.664 1204.5977 1446.408 
WI LTT Ke Cee sey resi eye  reeyrc sss yess 0sb eT eeo reer are rer ese 
bl hl _ gd3e.309 3350 She 1342.944¢ 1276.17), 1 282.192 ii18,108 1209.3905 11¢7,576 
thet by si MES 34S CM G2, Fh LASS C05 (S31 Fe 8 LOE 3d 0 
9605.4 ilsc.ese 13435,77°9 1334-032 1272.39%2 1275.732 1116,66) 1286,.475 41105. 706 
“Wry rt” rs7e vee 1337 v9 TIT TIS 12eF-3490 YV2720337 TTI ASV TVS rT ’ 
sees 5 323.021 $353 2008 326.331 1266,337 1209.135 1113, 708 1197.106 3163.543 
Oi 0 00e) Mee Ors ee ore ee! Paes. Sere Bee ed Le ee eo 6 oe 4 Oe ° * ° 
$209.5 1533.03? 1375 074 1516 697 1260. 486 1762.731 1111.06 1167,002 1200.688 
SUITS FSET SSR CSET SET OYA ay LISTS Leser ave Tre ey zi ry 
$375.4 306.006 81317.014 i312.07S 1294. 52¢ 1296.720 1109,997 183,515 600.375 
iO) ee) eee) et be eee es ees ee Oe SOME OL) Ft 2d EO 5 . 
$245.4 200.178 8 81369.032 1303.76: 12480,918 1290. 806 1107.933 11779,5900 1699.004 
FIT TLV WS OLSOS SY ZO TIT ZONE OTTO OTOL vee ee 
Sh8F.2 2790. 983 300 O54 1206.776 1243. 213 24a. Sos 4308. 238 | 4978. 88g 1993,158 
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St IST LY s7e7 yar i702? SEe £745 £48 124y FIT TST LY TTI as a es 
siee 1 1283 ¢29 iget ae 4209.00? r2¥?. 342 sé3a 25% 1102.646 1170.629 109¢.045 
Leas med TVs. TUF 1383 BEF (385 oe | TSG GRE $25 Tea 1461. 558 1168,605 0 .Ga5 047 
gt es 46 1300.772 2166.76) = 1086.03? 


a 279.38 atd.gt? 292.035 soda ab Lede 8 ee eae nt ote 
so ares Ata5} ties TN TLRELE ii. 40. 9088 AVG 4160687 1 ORel Yer 
S222.2.  2282,2)7 229.203 Us 828) Adee. eis ade. 833 aGF8.492 262,269 1099 298 
9229.1 19469.391 1279 sR9 272 954 12.3.254 peat Sit 1096,870 1360.394 1064.103 
Oy Gd OG OD CET CRS Ree e Oe We OR ee es hee? Gee eek 4440-908 p095, 432 5a. 744 1082.676 
S253 1 Lise 268 1248 o°R 1eAS 435 12,7. 276 tel? va? 1094.549 1159%.986 1041.445 
3233.0. 42232.209  2204.743. hed. das — 28.0. det LCL2.326 3095,304¢ 2233.78 see. rae 
$279, 1753497 1z4a1 sce 1798 613 TIL2. 4ee tei2 es! 1092.179 1191.729 1076.5946 
Dre bee Game VC) Ser ee OSee Cl MCS) seks Gee ss I LY aes Se) ae es Sek ee ORS FO | > meee. Pee) eae 
9293 1 4248 0% p2he ats $752 .958 12c7.0he £204. 022 10A¥ 512 1147.950 1075.66? 


9329.9) 974) 38 rh ess zee see gpa aye yeas vee  f9me. 277 9005599 poze ap? 
“tHit4 i7Te iti 1oa@ jae tae 764 1201.30 erreery| 107.067 1163.679 1073.07¢ 
2322.42 Adds. 4ee 1244, 048 AZ43,99¢ LA99.290 dd eF 1086.05 Aaa dea tot se? 
72495 sede 0% p21 976 1240.594 1:98.626 1iv5. ae? 1684@,475 1149.310 1079.976 
$. 63 4 Bite. 438 p€39 4822 ESET « Fee UOLIN eee COLUE ES DS LT Sas | ew OC PaO OY Summa ly 

SYST RRA Ay ate yer eS s2e goer, FOS S2 | 1081 O10) 1158. 2788 = 1087. 271 
9383.1 M222.572 232.452 251.583 2268. 08h Las. com Nha. 47d 1a 27k dae 14d 
9379 4 3720 742 12? 376 1228 454 1146.26 1165.313 2,079,487 1130.97 2064 4165 
SOMD.2 2.00282 1220.20R .2225.840 18h as nee. 22? 3 07e dd eek 

raue 42? 223.244 1222.67? 1181.52? 1180.58¢ 10768 968 8 1127,196 1661 .414 


=589 4 
“455 4 agha SPY 4220. 25k  2R20.9ao 970.950 2a? Sok 3875. 68d eee ad, 
say4 5 22a MRS a1? e866 19a 7. S04 ae. 29% 18.248) 1078.10 98 1142.930 = 1058.805 
2229.4 A799. 902 UZ04 992 1204092 a7 Se, 117 BBL 1072, 068 020,008 57279 
saya 3e02, 692 197i Jet 1214.536 1171.587 1170.192 1071.387 1119.301 1956.14° 
seas 3 12790 ¢a% 1208 77% 209.167 o9.529  4467.909 3079,5940  1437,438 1054.32. 
VEST TTY ee i265 7, 8 SLIM LE Sas 1:65.423  LO8¥.t28 1115.182 = 1052.898 
$es3 5 pr ve 75? 12°22 649 —4203.545 — 1364.034 — 4165.035 O58,079 —3133.3,8 4093.838 
ST ATW TH 200.67% yor. iSs pee. ie ~— en wee ee OE 111. 308 toto. 240 
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cht rt eee! ET 953 110 ait 1197049 res 1064.6 1107.434  1047.385 
3903.3 Ange iat DAZ. 348 Ug9S.243  4999,295 2 444105, 

EP ey ae AW eG 90 eSS 1382. 987) 4191.790 = 1061.99 1105.608 1044.579 
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SVT TIS yy Seas Pi ey 116.087 = 104 1676. 1 42 
_$ePd.2 40.4 Ra47 347) 4349, 907 L220,76¢ 425.494 2039, 778  1073.230  3022,569 
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S795 1 aiev.ee2  otedS een an d0.1ds 1108 48S 1103740 TRE SLI 106T. TT aT 
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SST Tory ETE I Ta Tee ay a j Tet. Fy > Co 
$7oS.4 1127.796 2470 29S  5992,093  2100,098 1097.895 1030.29 1099,154 118.633 
577s jf {i270 .366 1174 Bee ive a8 Ow yyT i $41 1 ‘ 1 +314 100%. 
5765.1 1116.576 S844 O42 TL2H 28H 1008. O2y § 1994.193 1927,.620 1096.045 12308.043 
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Te — —_ ==: kh ne ies: | 
sw aes Ra i ee OG OF 
Trep. Temp. Temp. Temp. Temp. Temp. Temp. | 
SF op 8] oolekd ('F) ee 6) Ve Ci) 2 ats ye 
ah) | way ct ll Te 70.70; 70.092 70.516, 
_79.399 ae. . See. 19.998 79.93h _1%.038 29.089 
eer 79.64) 70.007 79,611 79.583 79.916 
" 8 ? 9. 79,48 79.9% 7%. 
wii we He ts watt 
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os ii 5-4 — i $56 a feat ut 
79.005 787 19,776 79.813 79.630 = 79.400) 
79.599 “a 732 Sire y 79.98 76.658 Lt 1) 
19.g30 70.7 9.56? 79. 3 M Bs 
79.678 79. 79,59 a, a Ls 
79.555 79.061 x ae, 1) Gee PT 79.480 
wii” Vi wT Te 733 7o.72a 79.646 79.383 79.516 
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1 7.405 ¥¥ 030 Lr) 7. ove _ *. “is oO 7h wy. sat WW. 518 
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317.948 = «531.766 = «999.888 = 157.995 63.608 334.479 83.624 
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WITT Ty yr Wy ee ae ae WEE eS ae UNG ca BET, YR CYT 
gee y pte eee ers eer @, ope 26 178 are ogy a75. 687 34a. 13¢ 337,265 
ne | 7 sa TF 3.5 a) 4 he bot dae 80, ‘98 912,782 ait. 136 167.626 

at i pee ays Aae tee e%f «te 529 362 93028 ae0 Coa 1°9, 264 
feet eT NE nt ita tk Be TEU Ua OO Te 
LR 323. 008 440,36 047,269 3.900.073 U2 23 Pha Poe q04 936 | 2b8. 408 

‘ tit LAL ue, 7 a3) Fe, 4125 43? ayo ae? aya. 300 907.555 244.404 
aes 159¢.969 ye2e rea one Si be er ey 23a, 89) 442,397 239.937 220.472 

save t’e 335 188? e%¢ r0ae. ft 1pee @3e 862.973 079 784 S53. 760 259.365 

sue set eye ,e5o gee sDei ove +22 6.366 6A) .587 #9920 6 56? eye 

thet atte tt Hit a Ee i a Sete 
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Tv { bale, ip ME § Bt Mn ddd 1:87 404A 4 $88. Bee | TKS gan TIES 660.98; 290.869. 
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\oe 5 ™. “ue iss: 4,7 oe a0 Prt) 295 She a's iF é 630.64 2424 
oh ae | $72. 332 1310 249 t 330.208 1407.428 614.998 936.255 853. 960 363.759 

r4eh94 SOS 299 1908 bar 387.382 1462. 992 95 955 055.514 676.106 396.967 

ated 2 FOR COR NR 22> N78. 292 499,529 ve ave 974, Od 90.58 48 008 

ses% nae abe 73593 8s 1394.02) 1914.640 YAS O59 993.358 925.234 423.255 

a**9.3 *ia.¢tp Ad7g.401 A412.729. 3 do.42¢ 2004.33 gad .4e? 4b ae 4b 8 

Lass y ese 000 5,392,557 4027 Bae 1945 203 es qq? ee 483 ca 228 bap 984 
aes *or TO? | 4459.338 140%. 969 3559, 078 8) 17 4.03 

Tavs a eha 8p 15390-9%6 oH Be 1972-165 ae: 354 1 +e 653 — 3: $ 6.12 

2983.4 jas S  s:b93.624_ Brrr e i AD ee i a a 

eh — 488? 2 by SE a es ee ee ae 
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383 i Ye iit Tp + 1520.146 = 4619.995 = 9ba. “a 4233.692 4073,453 2233.0;8 

peed 4 ‘ev 504 335. be A337-334 633.460 © 2207.382 y153-600 5 064.829 2233-818 

St any rae ay Tt ,042- 1654.59) 1648.917 | 2207. 162 a: e0y ©1098.688 zeae 018 

Pol bas § #05 Ge 212 oe 66 1663.3 oe? ti G7. 293.3357 1110. 425 £253.80 

18885 a, ayy Th $y 1306. _ yey). i 207. v8 a.grea 1122-53 2233. Sa pen seipn 

2 ea, 3'8 763.9896 1599. &Gs 74 z 3 

aR a STU : 1612- a7 AEE $22 rer) 8; 1245. ae 1155-694 1743.69 

1399.3 7e,cg3 2219, 393 16235, 739 i 475 22 u areca Tes er rbeea8 

ee reeks 2163. cL 1641 376 welie 220 a # CTT) 1246 O73 1886,255 

2975 4 996.726 228.524 = 4.659.083 i735. 6a o3 fat 93. -2000.858 

rai$.3 020.405 ELE 622 162¢.543 9 9 %46.487 at 23 a ‘ A eis 3 - 2088 .692 
oan 940.063 4977.8 peep. eu 757,645) - 38, 445 wes 262. 2 -733.359 

tess 4 Chr ees | ny ah 4332-668 siice 189) 24 54. “ae as 1343.587  2835,907 
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yeas 104).263 659.082 1433.50 2209.869 Reh 348. ae 438.475 5.483 
O8E p00 12br 032 phi 5. 208 4 SS2. 68 Rbei5 199 be marie as? MIE 669 = 2233.010 
.oe aé 007.7 «257.69 79 i ‘ ? ‘ 
sth SLILE 194 Ayn att eis. 84 f “54 365 ts “4 Of 2233.018 
panes -63 ane _ 3884 55 282.654 2426 a6 p20? A a2 Lee? 918 8. get “A 0 
=ynatyy Ayecust ysis ace 1467. nt 2226. 223 
we : 2252. ta 2237.32? «= 1.458.265 ag ise 379), ist ieee. 79-2226, 300 2233.8 te 
Larter hee mame ree Ca te eR RR 
125, 52,3 37327 53 > | be x 
tis: Haft Hoss tah th BAN Gaia fy ish itrtt 
2243.4 3694,699 2257, 32! SIT EL PLTE MEET TTA LACT 41.237 4 434 
2795.40 2252-304 = 2470. 096 1629.542 1666.66 1463. att 2992.272 = 2226.594 211)-773 


1765.! 2292.364 2678.739 16686.092 , 2623.617 2142.882 1978,825 2226, — 742,906 
it%4 3257. 90T ~ 2,80 4 ONT UT eae US ez. S08 )~— a3) ~~ 207 1 18.150 
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76% Z: 304 6.557 665.754 2226. 360, =244. +. 439.877 

aed Ha 4s Ha yaae-aee get ate Gpeagay gapegee fede: toy 
BOS, g29S.476 2237.3 Be a3 4.656 96.6 083,84 

Hap t Serdar Ai a Ber ee feet A 

1479.5 18¢, ie 1 1 i 22 é 

2098.50 2242.26: 2257.327 1798 62,00 1918.573 20376182 tie 2 2224. 04. 429 
ee5 Hs 4:53 oe 22387.3527 43 1.% 2488.732 lh LF. cs, A “4 

tise t Hs fra cord — she tf ti eat ht Smee 
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‘f ; Peary, etry. cop. emp. esnp, emp, 
FE meets <9 ENON Pe SMES. Eat) DAT RRERIES Ol 9 Jere ESSN WL.) Paneer Cl CRE Oa Dae 
T3343 reerry) 67.859 67.839 67.804 68.029 e784 65.023 67.034 
ne .+ SO Cn DOCS S Me C06 }T EE >> Sn TDD © ee PES) OO PO Dk ee Da) Se WAP A 
733.3 67 Yao 67.827 67.4839 07.859 67.812 67.563 68.076 67.999 
ee. +) On Oey Sn SAN. | a 50S Oe AE) © On: 2A Le Se FOS eT De: 
T7503 o7.740 a7. BA 67.890 67.0899 67.703 67.618 67.913 67.834 


cence DPD PUAN OP ObR LSS O84 67, 979 ——SD Rb __ 82d d 8 t 
Pas.t 07,740 OT.eS? 66.055 67.65% 67.797 67,804 67.859 @7.635 
pore ncce DRDaA e  AP MRP O72 O2D 84 fae BPS 87 ABI? AP AAD 


eso. 67.864 67.902 66.000 67.9414 67.920 47.894 47,839 67.070 
a TeC LY Sn Tan kL een SnD en Se SY een ee eee Fae 2-1 
&?, 827 67.899 66.133 67,866 87,839 67.913 67.834 
SES -1. A'S] OO 2 OO ee VAN.) See T OO XS SO .v Pe +) Sane DOW W A’ Ga 
67.827 67.535 68,023 67.797 67,784 60,023 68,094 


? 67,82? 66.000 67,914 67.757 67.949 7.913 7.670 
Slee eS arr “AI O27 OF 3S 67.032 61.986 6728 07,968 VAL ae 
BAS. t 87.429 47,772 67.945 67,934 67,947 67,839 67,859 67,889 
mens 11 Oa) rome rr) OR ONT 66.955 oy. 914 67,866 67.83 07.804 67.725 
pene ee VII OT 84 AT I7G BIND 67,94 67, 89S 7 848 67,968 $8,054 
free r or.957 a7.948 67,914 66,029 67.839 67.913 AGL 
: : A798? 67,890 67,908 67,757 67,728 67,968 47,934 
67662 OF. AS5 67.996 67,866 07,344 07,859 67,944 
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APPENDIX B 


TABLe OF NOMENCLATURE 


A = Nozzle exit area 


K = Ratio, burning surface area to nozzle throat area 


m = Propellant mass divided by-the action time 


2 = Average pressure over the action time 


P. = Average pressure over the burning time 


b 
< = Average burning rate over web burning time 
te = Action burning time 
te = Web burning time 
7 = Ratio of corrected measured specific impulse to theoretical 


specific impulse at 400 or 550 psia (whichever is appropriate) 


